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Introduction
With the development of economic, alumina has been an important raw material. With the domestic and overseas increasing demand for alumina, the alumina industry developed rapidly over the past 10 years [1, 2] . Red mud, the main by-product of alumina production, is mainly composed of iron, aluminum, titanium, silicon, calcium oxide, and hydroxide [3] [4] [5] . Red mud is a kind of highly alkaline waste product. The pH is typically between 10.0 and 12.5. It is regarded as a hazardous substance that requires careful handling because of its high alkaline content [6] [7] [8] [9] . Using red mud has both environmental and economic significance [10] [11] [12] . During the last few decades, red mud has been applied for various purpose, such as adsorbent for water and gas treatment [13] [14] [15] [16] [17] [18] [19] , catalyst for certain reactions [20] [21] [22] [23] [24] [25] , and material for building construction and ceramics [26] [27] [28] . At present, red mud is also used in metallurgy. Recovering metals are typically recovered from Bayer red mud through direct reduction. In addition, residues left after the separation processes are reused as building materials. Liu et al. [29] conducted an simulative and experimental research on the phase changes of Bayer red mud roasting system and alumina, sodium, and Fe recovery. Li et al. [30] investigated the recovery behavior of ferric oxide, Fe 2 O 3 , and alumina from Bayer red mud through reduction sintering. Zhu et al. [31] studied the synthesis process of sodium carbonate addition-roasting reduction-magnetic separation treat Fe-rich red mud and recover Fe from it. Liu et al. [32] proposed a process to recycle Fe from red mud through magnetic separation, in which Fe 2 O 3 in red mud is transformed into magnetite (Fe 3 O 4 ) through anaerobic coroasting with pyrite. Qiu et al. [33] determined the effect of coal type on direct reduction of red mud with high Fe content. Samouhos et al. [34] developed a microwave reductive roasting technique for red mud by using lignite to recover metallic Fe. Yang et al. [35] presented a coal-based direct reduction technique used for recovery and reuse of Fe in vanadium tailings. Process parameters, such as additive use, tailings/additives/reductant proportion, reduction time, reduction temperature, particle size were experimentally studied. The direct reduction method is an effective means to develop a wide range of applications for red mud. Therefore, studying reduction characteristics is necessary. In this study, the influences of reduction parametersgas, especially the gas composition and temperature on the reduction process in red mud-coal composite pellets were investigated.
Materials and experiments

Materials
The Bayer process Red mud used in the research was obtained from Shandong, China. The chemical constituents of red mud was mainly 47.6% TFe, 1.20% FeO, 10.4% SiO 2 , 1.44 CaO, 9.42% Al 2 O 3 , 0.42% MgO, 1.73% Na 2 O, 0.24% K 2 O, 1.31% TiO 2 , 0.026% S, and 0.023% P.
The particle size was in the range of 75~150 μm. The crystalline phase was investigated via X-ray diffraction by the application of Cu-Kα radiation operated at 40 kV and 150 mA. Several mineral phases were observed, such as anatase, cancrinite, hematite, quartz, limonite and diaspore, as shown in fig. 1 . The reducing agent selected for this analysis was bituminous coal, which was obtained from Shanxi, China. The main composition of bituminous coal was 74.48% fixed carbon (C Fix ), 12.51% volatile matter, and 13.01% ash. The mean size was 109 μm. The coal was evaporated in nitrogen for 2 hours at 600 °C before mixed.
Experiments
Throughout the study, the mixture of oxygen (O TFe ) and C Fix in red mud particles were used. The mole ratio was 1:1 in nitrogen and 0.5:1 in the reducing atmosphere. Pellets with a diameter of 15 mm were made from red mud-coal and 1.5% bentonite binder mixture in a disc pelletizer with the following parameters: rim height is 300 mm, diameter is 1000 mm, rotation frequency is 28 rpm, and inclination angle is 45°. The pellets were stoved in an oven at 250 °C for 3 hours. After cooling, the pellets were stored in a desiccator prior for use. The experiments were conducted at temperatures from 700-1100 °C.
Experimental research introduced in this study was performed in the thermogravimetric analyzer apparatus. This apparatus comprised an electronic balance, a temperature controller, an electric furnace, a gas distributor disk, and a quartz glass tube reactor. Three groups of , and CO) were carried out to study the effects of different gas compositions on reducing Fe in red mud. The oven was heated to the required temperature. Afterwards, the experimental pellets were put into the heating zone. Gas-flow was maintained at 1 L/min. The weights of the experimental pellets were recorded every one minute. After the experiment, the experimental pellets were taken out of the oven and cooled to indoor temperature in N 2 atmosphere. The reduction degree of production was calculated according to eq. (1) 
Results and discussion
Effects of gas composition on reduction
Effects of gas composition were studied by monitoring the mass changes in the isothermal reduction. The reduction degree α from 700-1100 °C are shown in figs. 2-5. These figures show that as the temperature raised from 700-1100 °C, the reduction degree for all the samples increased in different atmospheres. When the three samples were heated under the same conditions to recover Fe, the reduction degrees in CO and H 2 atmospheres were 63.69% and 68.48%, respectively, at 700 °C, which were significantly higher than that in N 2 atmosphere (34.89%). The same conclusion can be drawn in other temperatures. Thus, the reduction degrees in H 2 and CO atmospheres are significantly higher than that in the N 2 atmosphere. The reduction degree exhibits a maximum value in H 2 atmosphere at the same temperature.
Comparison in Arrhenius activation energy
The kinetics equation can be employed to analyze the kinetic data and to definit the reduction mechanisms of red mud-coal composite pellets in different atmospheric conditions. The 3-D diffusion reaction model developed by Jender and Anorg was selected for this study. The model can be expressed by the following equation:
( ) 
The plots of ln(k) vs. 1/T are shown in fig. 6 . Slopes were applied to calculate the activation energy.
A value of 70.72 kJ/mol was obtained by reducing red mud-coal composite pellets in N 2 atmosphere. The values of 38.65 kJ/mol and 36.73 kJ/mol were used to calculate the gas compositions of CO and H 2 , respectively. The results show that the activation energy of reduction decreased significantly in a reducing atmosphere.
The XRD characterization of the samples
After comparing the aforementioned reduction conditions, the heated residues in N 2 and H 2 atmospheres were selected for X-ray diffraction analysis. The X-ray diffraction patterns of the residues are presented in fig. 7 . The peaks of hematite and some minor constituents, such as cancrinite, anatase and diaspore disappeared in the heated residues. Phase compositions of the two groups of samples are different. As shown in fig. 7(a) , the residues were Fe 3 O 4 and SiO 2 at 700 °C, whereas Fe 3 O 4 peaks were reduced at over 800 °C. The presence of FeO at 900 °C confirmed that the reduction of Fe 3 O 4 , which formed the FeO, was initiated at below 900 °C. The metallic Fe phase appeared when temperature increased to 1000 °C. However, Fe 3 O 4 still remained. At 1100 °C, the Fe 3 O 4 phase in the heated residues completely disappeared. Metallic Fe dominated the sample. However, small amounts of FeO still remained. In fig. 7(b) , the XRD patterns of five reduced samples at 700, 800, 900, 1000, and 1100 °C are presented. No noticeable difference was observed in the XRD patterns. The main component in all samples was metallic Fe.
The reduction rate in H 2 atmosphere was significantly faster than in N 2 atmosphere. 
Scanning electron microscopy analysis
The SEM images of the heated residues and the raw material are shown in fig. 8 . The unreacted red mud particles agglomerated with one another irregularly, as shown in fig. 8(a) . The principal phases in red mud revealled no any significant change at 700 °C in fig. 8(b) . As the gas generated during reaction volatilized, a few small pores were observed within the particles at 900 °C in fig. 8(c) . In fig. 8(d) , the residues were light sintered and exhibited a porous structure and a granularity increscent appearance at 1000 °C. At 1100 °C, the heated residues exhibited a developed porous system and several bright areas appeared, as shown in fig.  8 (e), thus showing that the reduction reached quite high level. The SEM images of the heated samples under optimized H 2 atmosphere conditions are shown figs. 8(f)-8(h). As shown in the figures, the heated samples displayed a developed porous structure even at 700 °C. The SEM images of the residues heated in H 2 atmosphere exhibited a looser surface and porous system compared with the images of the residues heated in N 2 atmosphere.
Conclusions
Red mud, which is the abundant waste product in aluminum industry, can be used as a raw material to reduce Fe directly. According to the results of this experiment, the conclusions can be drawn as. three groups used in the experiments, the results obtained from the reducing atmosphere for red mud-coal composite pellets are more advantageous than those obtained from red mud in a previous study. This gas-solid combination reduction process exhibits a reasonable reduction phase and high reduction degree. 
